The electron beam-plasma system is ubiquitous in the space plasma environment.
I. INTRODUCTION
Energetic electron beams are ubiquitous throughout the solar system, such as the upstream from the interplanetary shock [1] [2] [3] , the auroral ionosphere 4, 5 , solar flares 6 , in the outflow region of magnetic reconnection 7, 8 and possibly the Earth's outer radiation belt 9 .
The electron beam provides a free energy source for generating various electrostatic and electromagnetic instabilities. For example, a finite amplitude single electrostatic wave can be excited by a small cold beam 10, 11 . Whistler waves can also be excited by an electron beam in a number of space plasma settings 1, [12] [13] [14] . Some electrostatic structures, such as double layers and electron holes, seems to be generated by current-carrying electron beams in the presence of density inhomogeneities 15 . Artificial electron beams have been injected into the Earth's ionosphere and magnetosphere to probe the space environment and to study the rich variety of waves in the beam-plasma interaction (see Ref. 16 and references therein). Extensive laboratory experiments in the past have been conducted to study the beam-generated whistler waves [17] [18] [19] and electrostatic waves 11 . Accordingly, many numerical experiments utilizing the particle-in-cell method were devoted to study the wave instabilities excited in the electron beam-plasma interaction [20] [21] [22] [23] [24] [25] [26] .
A series of controlled laboratory experiments [27] [28] [29] were performed to study the excitation of whistler waves in the Large Plasma Device 30 at University of California, Los Angeles (UCLA). In the experiments, both electrostatic and whistler waves were excited by the injection of a gyrating electron beam into a cold plasma. It was demonstrated that the whistler mode waves were excited through a combination of cyclotron resonance, Landau resonance and anomalous cyclotron resonance 28 . A measurement of the electron distribution function is desired to study the self-consistent wave-particle interactions. But such a diagnostic of the electron distribution is not available at the present time. On the other hand, linear kinetic theory can predict the growth rate of electrostatic beam-mode and whistler waves for a given beam distribution. But the linear theory cannot resolve how the linearly unstable waves modify the electron distribution and therefore cannot resolve the saturation of the beam instability. Moreover, since both electrostatic beam-mode and whistler waves can extract energy from the inverted slope (∂f b /∂v > 0, f b is the beam distribution function, v is the parallel velocity) of the electron beam through Landau resonance, the fast-growing of electrostatic beam-mode waves can affect the slow-growing whistler instabilities via this inverted population. Here, using a self-consistent Darwin particle-in-cell method, we study the excitation of electrostatic and whistler waves in a beam-plasma system, the associated evolution of the electron distribution and the competing growth between electrostatic beammode and whistler waves.
II. COMPUTATIONAL SETUP
The Darwin particle-in-cell (PIC) model used in this study is based on a two-dimensional spectral code developed as part of the UCLA particle-in-cell (UPIC) framework 31, 32 . The
Darwin PIC model has been used previously to study the whistler anisotropy instability in the solar wind 33 and Earth's inner magnetosphere 34, 35 . Compared to a conventional electromagnetic PIC method, the Darwin PIC method excludes the transverse component of the displacement current in Ampere's law and hence excludes retardation effects and light waves, but leaves the physics of whistler waves unaffected [36] [37] [38] . Thus the Darwin PIC model does not have the restriction on the time step set by Courant condition ∆t < δ/c.
Here ∆t is the time step used in the simulation, δ is the grid spacing and c is the speed of light. The grid spacing δ is required to resolve the Debye length to prevent numerical heating. Consequently, for a plasma having a background thermal component (v t /c = 0.01) as in this study, the fully electromagnetic PIC method requires a very small time step (∆t 0.01 ω 
It has a streaming velocity V b /c = 0.0766 parallel to the magnetic field and a velocity ring centered at V ⊥b /c = 0.0766 in the perpendicular direction, which corresponds to an electron beam of 3 keV in kinetic energy and 45 degree in pitch angle, which is typical in the experiment. The thermal spread of the beam is chosen as v tb = v tb⊥ = 0.001c so that the beam has a narrow "ring" in both parallel and perpendicular directions, mimicking that of the experiment. The beam density profile is localized in the y direction and uniform in the x direction, which takes the form
The beam width L y /4 is about 13 times larger than the gyro-radius of the beam electrons, which is comparable to that in the experiment. In the beam region, the ratio of the beam density n b to the total plasma density is n b /(n b + n 0 ) = 1/8, where n 0 is background plasma density in the beam region. Note that the ratio of beam density to total plasma density is about 0.001 ∼ 0.005 in the experiment, which is much lower than that in the simulation. the density of background electrons is n b + n 0 so that the total plasma density is uniform.
III. THE WAVE FIELD
A slice of wave field data, electric field δE x and magnetic field δB x , is taken along the x direction located at y = L y /2 at every time step. The wave field δE x and δB x are Fouriertransformed to the space of ω -k , where ω is the wave frequency and k is the parallel wave number. The power spectral density of δE x is shown in Figure 1a . Note that the magnetic power spectral density at the high frequencies around ω pe is much weaker than the electric power spectral density. Thus the wave modes in Figure 1a are dominantly electrostatic. To identify the wave modes, the electrostatic dispersion relation is written as (assuming
where λ D is the Debye length of the thermal core electrons, ω pe0 is the plasma frequency of core electrons and ω pb is the beam plasma frequency. Here the wave propagation is assumed to be parallel, i.e. k ⊥ = 0, since the propagation angle is found to be within 20 degrees with respect to the background magnetic field. For a given k , the dispersion relation is solved for to note that the excited electrostatic beam-mode waves only exist in the beam region (see the integral multimedia for an animation of the evolution of δE Lx ). In contrast, the excited whistler waves can propagate out of the beam region, as shown by the wave magnetic field δB x in x direction in Figure 2b (Multimedia view). This snapshot is also taken at t = 300 ω (2)). To demonstrate that the energy is flowing out of the beam, the Poynting flux is integrated for all the wave modes along the x direction through the system. Note that the Poynting flux in the Darwin model (see Appendix B for details) differs from that in the electromagnetic model, i.e.,
Here E L and E T are the longitudinal and transverse components of electric field, respectively, satisfying ∇ × E L = 0 and ∇ · E T = 0. The y component of the integrated Poynting flux is shown in Figure 3 . Inside the beam, the Poynting flux can be oriented in both the +y and −y directions, while outside the beam, it is directed only away from the beam indicating that the energy is flowing out of the beam. The region outside of the beam in Figure 3a is expanded and shown in Figure 3b . It is seen that the leading edge of the Poynting flux
propagates away from the beam as time advances. 
IV. THE EXCITATION OF ELECTROSTATIC BEAM-MODE AND WHISTLER-MODE WAVES AND THE ASSOCIATED EVOLUTION OF THE ELECTRON DISTRIBUTION
We are now in a position to explore the excitation of electrostatic beam-mode and whistler waves and the associated evolution of the electron distribution. The time series data of the pe ) and gradually damp out. Whistler waves show up prominently below the electron cyclotron frequency in the power spectrum of δB y . Around t = 100 ω −1 pe (∼ 3 cyclotron periods), whistler waves saturate with a primary peak at ω/Ω e = 0.6 and a secondary peak at ω/Ω e = 0.25. After saturation, the magnitude of these oblique whistler waves further decreases through Landau damping. To contrast the very different growth rates between electrostatic beam-mode waves compared to whistler waves, two line cuts are taken from the wavelet spectral peaks, one at ω/Ω e = 3.5 for electrostatic beam-mode waves and the other at ω/Ω e = 0.6 for whistler waves. The results are shown in a linear-log plot in Figure   5 . The magnitude of the linear growth rate corresponds to 1/2 of the slope in the linear part of the wave energy evolution. This linear growth rate is calculated to be 0.15 ω pe for electrostatic beam-mode waves at ω/Ω e = 3.5, and 0.015 ω pe (= 0.075 Ω e ) for whistler waves at ω/Ω e = 0.6. This calculation characterizes the rapidly growing electrostatic beam-mode waves and relatively slow-growing whistler waves. Note that before the electrostatic beammode wave saturates, whistler waves can also extract free energy from the inverted slope region (i.e., ∂f b /∂v > 0) of the beam through Landau resonance, although the rate of such energy transfer is slower than that for the electrostatic beam-mode wave as shown in Figure   5 . After the electrostatic beam-mode wave saturates, whistler waves can only be excited through cyclotron resonance since the free energy from ∂f b /∂v > 0 has been exhausted by the electrostatic instability. Correspondingly, the electron distribution responds to the electrostatic and whistler instabilities on two different time scales. Figure 6 pe . At a later time, the relaxed beam electrons are scattered along resonant diffusion surfaces to lower pitch angles and lose energy, through which whistler waves further gain energy and grow in magnitude. This is shown in Figure   6d taken at t = 100 ω on ω pe /Ω e , which characterizes the ratio between the linear growth rate of electrostatic instabilities and that of whistler instabilities. To test this idea and minimize the effect of cyclotron resonance, a field-aligned electron beam is used here while the rest of the setup is kept the same. Figure 7a shows the magnetic field energy of whistler waves with respect to time for a set of ω pe /Ω e values. Each of the color-coded lines corresponds to the colored spot in Figure 7b , in which the ratio of the saturated magnetic field energy to initial magnetic field energy is shown as a function of ω pe /Ω e . Under the special scenario of ω pe /Ω e = 1, whistler waves and electrostatic beam-mode waves saturate over the same time scale and whistler waves saturate at a substantially larger amplitude compared to other cases. As ω pe /Ω e increases, the saturated whistler wave energy decreases and eventually is immersed in the noise level beyond ω pe /Ω e = 7. Linear theory predicts that Landau resonance between whistler waves and the electron beam does not occur beyond a critical value of (ω pe /Ω e ) critical = 6.5 for a cold beam in our parameter regime (see Appendix A for details). This inhibits the energy transfer between the beam electrons and whistler waves and results in a low signal to noise ratio in the high ω pe /Ω e regime. Below the critical value of ω pe /Ω e = 6.5, electrostatic instabilities limit the saturation energy level of whistler instabilities by extracting the free energy of the beam at a faster rate than the whistler instabilities as long as ω pe /Ω e > 1. It is also noted that there is a weak trend of decreasing signal to noise ratio beyond the critical value of ω pe /Ω e = 6.5. This may result from the fact that the theory prediction is for a cold beam while the distribution function is relaxed from the cold beam ring in the kinetic simulations and therefore it leads to a weak energy transfer between beam electrons and whistler waves even beyond the predicted critical value.
VI. SUMMARY AND DISCUSSION
Using a self-consistent Darwin particle-in-cell method, we study the excitation of elec- pe . In the PIC simulation with the ratio of beam density to total plasma density as n b /n t = 0.125, electrostatic beam-mode and whistler waves, respectively, saturate at t = 30 ω −1 pe and t = 100 ω −1 pe . However, the saturation time of waves with the simulation value n b /n t = 0.125 should be properly scaled to the experimental value of n b /n t = 0.001 ∼ 0.005.
As a rough estimate, suppose that the saturation time of waves is inversely proportional to the linear growth rate of waves, i.e., t sat ∝ 1/γ, and that the linear growth rate of waves scales with the beam density 10,41 as γ ∝ (n b /n t ) 
Note that k z takes the minimum value at the Gendrin angle for ω < Ω e /2, while for ω > Ω e /2, k z takes the minimum value in the parallel direction. In order to have Landau resonance between beam electrons and whistler waves, the resonant wave number must exceed k 
where the Poynting flux takes the form of equation (4). J is the current density. Note 
